SMOKING SIGNIFICANTLY INCREASES the rate of progression of chronic kidney disease (CKD) not only in the patient with established CKD but perhaps also in the healthy population (22, 23) . Nicotine (NIC), a major tobacco alkaloid, is insinuated as a key culprit responsible for cigarette smoke-induced kidney injury (13) . NIC aggravates renal fibrosis in rats and mice (12, 33) and induces reorganization of the endothelial actin cytoskeleton in vitro (9) , thus causing sustained activation of profibrotic/-inflammatory responses in the proximal tubules, which may facilitate progression of CKD.
In addition to accelerating progression of CKD, we recently demonstrated that chronic exposure to NIC exacerbates ischemia-reperfusion-induced acute kidney injury (IR-AKI) in mice. It is now recognized that although much of the renal injury occurring during AKI resolves, some of it is irreversible and can progress to CKD, suggesting that AKI may initiate certain signaling cascades that change the tubular phenotype, thus impairing recovery and favoring the onset of inflammation and development of tubulointerstitial fibrosis (28) . Indeed, analysis of human kidney biopsies with different injuries showed that some tubules possess both epithelial and mesenchymal markers (25) and a dedifferentiated phenotype (27) that may be a part of responses of the kidney to injury (10) . However, the signals that are responsible for the conversion of AKI into CKD are incompletely understood.
One signaling pathway that may be important is through transforming growth factor-␤1 (TGF-␤1). TGF-␤1 initiates sublethal cytoskeletal reorganization that can lead to phenotypic changes in the proximal tubules, resulting in imbalanced epithelialmesenchymal communication and ultimately leading to fibrotic and inflammatory responses in the kidney (5, 28, 29) . It is thought to exert these effects in part through the signal transducer and activator of transcription-3 (STAT3) pathway. STAT3 is a transcription factor with pleotropic functions (6) and is regulated by differential phosphorylation including tyrosine 705 phosphorylation of STAT3 which is responsible for canonical STAT3-dependent transcription (6) . However, it has recently been recognized that unphosphorylated STAT3 (U-STAT3) can also drive expression of many proteins including several oncogenes, cytokines, and inflammatory agents (30, 31) . Moreover, this U-STAT3-induced gene expression can be long lasting (7) in contrast to those activated through the canonical pathway (7). While we previously reported that renal IR injury increases levels of U-STAT3 (2), its role in determining the severity of AKI or its progression to CKD was not examined.
Because chronic exposure to NIC increases U-STAT3 expression (3), we hypothesize that chronic NIC exposure augments TGF-␤1-induced profibrotic and proinflammatory signaling through U-STAT3, which in turn will exacerbate/accelerate progression of renal injury. In the current study, we used complementary in vivo and in vitro protocols to examine whether chronic NIC increases TGF-␤1-induced cytoskeletal remodeling, E-cadherin (an epithelial marker), and expression/ transcription of proinflammatory [monocyte chemotactic protein-1 (MCP-1)] and profibrotic [␣-smooth muscle actin (SMA), vimentin, fibronectin] signals. We also tested the role of U-STAT3 in NIC-induced exacerbation of TGF-␤1-mediated cell injury.
MATERIALS AND METHODS
Animals and surgery. Ten-week-old male C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME). Chronic NIC exposure was achieved with 200 g/ml nicotine bitartrate (SigmaAldrich, St. Louis, MO) in 2% saccharine solution in drinking water for 4 wk as previously described (1) . Control animals received 2% saccharine solution. Some animals underwent 18 min of warm renal ischemia followed by 24 h of reperfusion as detailed elsewhere (1) . The control animals underwent sham surgery, where the kidneys were exposed but renal pedicles were not clamped. All these procedures were done in accordance with guidelines of the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center and were performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
In vitro experiments. The porcine renal proximal tubule cell line (LLC-PK 1) was purchased from ATCC (Manassas, VA) and maintained in high-glucose DMEM (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum (Invitrogen) and 1% antibiotic/antimycotic solution (Invitrogen) in a 5% CO 2 atmosphere at 37°C. Semiconfluent cells were treated with 200 M NIC (SigmaAldrich) for 24 h and/or with 10 ng/ml TGF-␤1 (R&D Systems, Minneapolis, MN) for 3 days.
Western blotting. Kidneys were homogenized in RIPA buffer supplemented with protease and phosphatase inhibitors (Santa Cruz Biotechnology, Santa Cruz, CA), and protein content was determined with a Bio-Rad protein assay (Bio-Rad, Richmond, CA). Monolayers of cultured cells were also lysed in RIPA. Twenty to fifty micrograms of kidney or cell lysates were separated on a 4 -15% gradient Nu-PAGE Novex Bis-Tris mini gel (Invitrogen) and transferred to polyvinylidene difluoride membranes using iBlot (Invitrogen). Blots were hybridized with appropriate primary antibodies, visualized by Pierce ECL Western blotting substrate (Thermo Scientific, Rockford, IL), and exposed to X-ray film (Midwest Scientific, St. Louis, MO). Films were digitized and analyzed by Un-Scan-It Version 6.1 software (SilkScientific, Orem, UT). The source of antibodies is as follows: anti-␣-SMA (Sigma-Aldrich), anti-E-cadherin (BD Biosciences, Franklin Lakes, NJ), anti-vimentin, anti-STAT3 (Cell Signaling Technology, Danvers, MA), and anti-actin (Millipore, Billerica, MA). Horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies were also purchased from Cell Signaling Technology.
TGF-␤1 and MCP-1 content in kidney lysates. Two hundred micrograms of total kidney lysates was used to determine renal TGF-␤1 content by a mouse TGF-␤1 or MCP-1 ELISA kit according to the manufacturer's (R&D Systems) recommendation.
Adenoviral infection. The dnSTAT3 (Y705F mutant) adenovirus was a gift from Dr. B. D. Nelkin (24) . LLC-PK 1 cells grown in six-well-plates were infected with 25 MOI dnSTAT3 in regular medium for 3 h, which was replaced with complete medium for 24 h.
Reporter luciferase assay. LLC-PK 1 cells grown in 24-well-plates were transfected with the following luciferase reporter plasmids together with a Renilla luciferase plasmid (Promega, Madison, WI) using Xfect reagent (Clontech, Mountain View, CA): ␣-SMA promoter, a gift from Dr. R. A. Nemenoff (11) , and MCP-1 promoter, a gift from Dr. J. L. Madrigal (20) . Twenty-four hours after transfection, the cells were treated as described, and 24 h later the firefly and Renilla luciferase activities were determined by a Dual Luciferase assay kit (Promega).
Phalloidin staining and fluorescence microscopy. Cells grown on chambered coverglass were washed with PBS and fixed in 4% paraformaldehyde for 10 min at room temperature followed by permeabilization with 0.1% Triton X-100 for 5 min. These cells were then washed with PBS again, labeled with Alexa Fluor 488-phalloidin (Invitrogen), and counterstained with 4=,6-diamidino-2-phenylindole (DAPI; Invitrogen) as recommended by the manufacturer. Fluorescence was observed with a Nikon Eclipse TS100F inverted microscope equipped with a DAPI, FITC, or CY3 filter at ϫ400 magnification. Images were captured by a Nikon DS cooled camera and analyzed with NIS Elements Basic Research 3.0 software. Statistical analysis. Continuous variables were expressed as means Ϯ SD. Statistical differences between treated and control groups were determined by a one-way ANOVA with a post hoc test. Differences between means were considered significant if P Ͻ 0.05. All analyses were performed using the SigmaStat 3.5 (Systat, San Jose, CA) software package.
RESULTS

Chronic NIC exposure augments fibrosis and inflammation as well as U-STAT3 expression in the ischemic kidney.
The levels of TGF-␤1, MCP-1, ␣-SMA, fibronectin, and E-cadherin were determined in the postischemic (24 h) kidney by ELISA or Western blotting. Figure 1 shows that chronic NIC exposure augmented renal IR-induced TGF-␤1 and MCP-1 (Fig. 1A) , ␣-SMA, and fibronectin but not E-cadherin (Fig. 1B) expression. These results demonstrated the existence of a profibrotic and proinflammatory phenotype in the ischemic kidneys under chronic NIC exposure. Additionally, IR-induced induction of U-STAT3 was also increased by chronic NIC exposure. Interestingly, chronic NIC exposure by itself also managed to elevate U-STAT3 (Fig. 2) .
Chronic NIC treatment augments TGF-␤1-induced reorganization of the actin cytoskeleton in a U-STAT3-dependent fashion. TGF-␤1 increases reorganization of the actin cytoskeleton in renal proximal tubular cells (26) . Thus chronic NIC exposure that augments renal TGF-␤1 levels in the ischemic kidney (Fig. 1A ) may further augment stress fiber formation. Accordingly, LLC-PK 1 cells were treated with 200 M NIC for 24 h followed by treatment with 10 ng/ml TGF-␤1 for 3 days. Cells were then fixed, stained with Alexa Fluor 488-conjugated phalloidin, and counterstained with DAPI. Control cells exhibited strong peripheral F-actin staining (green fluorescence) with a rare occurrence of central stress fibers (Fig. 3A) . In contrast, TGF-␤1 treatment decreased marginal F-actin staining with an appearance of strong stress fibers (Fig.  3B) . Pretreatment with NIC further enhanced formation of stress fibers in parallel with the long axis of the cells (Fig. 3C) . Importantly, adenoviral transduction of the U-STAT3 mimetic Y705F-STAT3 further augmented NICϩTGF-␤1-induced stress fiber formation (Fig. 3D) .
Chronic NIC treatment enhances TGF-␤1-dependent induction of fibrotic markers at the level of transcription. Previous studies have suggested that some tubules in the injured human kidneys maintain both epithelial and mesenchymal markers (25, 27) . Thus we tested the hypothesis of whether chronic NIC treatment affects expression of epithelial (E-cadherin) and mesenchymal (␣-SMA, vimentin, fibronectin) markers after treatment with TGF-␤1. Accordingly, LLC-PK 1 cells were treated with 200 M NIC for 24 h followed by 10 ng/ml TGF-␤1 for 3 days. Some cells were treated with NIC or TGF-␤1 alone.
Expression of E-cadherin, vimentin, fibronectin, and ␣-SMA were determined by Western blotting and normalized to actin. TGF-␤1 treatment significantly increased expression of ␣-SMA, vimentin, and fibronectin (Fig. 4, A and B) , which was further enhanced by chronic pretreatment with 200 M NIC (Fig. 4, A and B) . In contrast, expression of E-cadherin was unchanged (Fig. 4, A and B) . These results imply that upon NICϩTGF-␤1 treatment, proximal tubular cells retain their epithelial phenotype but may acquire mesenchymal characteristics similar to human biopsies (25, 27) . In the ischemic kidneys, expression of fibronectin was increased while E- cadherin was virtually unchanged upon exposure to chronic NIC (Fig. 1, B and C) .
In the next set of experiments, LLC-PK 1 cells were transfected with an ␣-SMA promoter-luciferase reporter along with a Renilla luciferase plasmid. After 24-h treatment with 200 M NIC followed by treatment with 10 ng/ml TGF-␤1 for 24 h, firefly luciferase (␣-SMA) and Renilla luciferase activities were determined. We found that TGF-␤1 but not NIC induced ␣-SMA promoter activity, which was further augmented by pretreatment with 200 M NIC (Fig. 4C) .
TGF-␤1-or NICϩTGF-␤1-induced ␣-SMA expression and promoter activation are U-STAT3 dependent.
Since levels of U-STAT3 are augmented in the kidney treated with NIC or NICϩIR (Fig. 2) , we tested whether U-STAT3 would induce the ␣-SMA promoter either alone or after treatment with TGF-␤1 or NICϩTGF-␤1. LLC-PK 1 cells were infected with a Y705F-STAT3 adenovirus (2) before treatment with TGF-␤1 or NICϩTGF-␤1. It has been shown by other groups that this Y705F mutant mimics U-STAT3 (31) . An empty adenovirus (AdNull) served as a negative control. AdY705F-STAT3, but not AdNull, increased ␣-SMA expression but more dramatically when cells were treated with TGF-␤1 (Fig. 5, A and B) . Induction of the ␣-SMA promoter followed a similar pattern: adY705F-STAT3 induced the promoter, but drastic changes were seen in TGF-␤1-treated cells (Fig. 5C) . Similarly, adY705F-STAT3, but not AdNull, augmented NICϩTGF-␤1-induced ␣-SMA expression and promoter activity (Fig. 5, D-F) .
NICϩTGF-␤1-induced activation of inflammatory and fibrotic markers is also mediated by U-STAT3.
Since MCP-1 levels are augmented in the ischemic kidney following chronic NIC exposure (Fig. 1) , we tested the hypothesis of whether MCP-1 is transcriptionally activated by U-STAT3. Accordingly, LLC-PK 1 cells were transfected with an MCP-1 promoter luciferase plasmid together with a Renilla luciferase plasmid. These transfected cells were treated with NIC for 24 h followed by treatment with TGF-␤1 for an additional 24 h in the presence or absence of the U-STAT3 or the negative control adenovirus (AdNull) mimetic Y705F, as described above. Figure 6 also demonstrates that Y705F, but not AdNull, moderately but significantly augments NICϩTGF-␤1-mediated induction of the MCP-1 promoter. In addition, NICϩTGF-␤1-induced expression of fibronectin and vi- 5 . Overexpression of the Y705F-STAT3 mutant augments TGF-␤1-and NICϩTGF-␤1-induced ␣-SMA expression as well as activation of ␣-SMA promoter in cultured renal proximal tubule cells. LLC-PK1 cells were infected with either a negative control (AdNull) or with the Y705F-STAT3 adenovirus as described in MATERIALS AND METHODS. Uninfected cells were also included. A: cells were treated with 10 ng/ml TGF-␤1 for 3 days, and levels of ␣-SMA and STAT3 along with actin were determined by Western blotting. B: densitometry results of blots shown in A; n ϭ 3 independent experiments. *P Ͻ 0.05 compared with none or as indicated. C: LLC-PK1 cells were transfected with an ␣-SMA promoter luciferase reporter plasmid along with a Renilla luciferase plasmid for 24 h and then treated with 10 ng/ml TGF-␤1 for 24 h. Firefly (␣-SMA promoter) and Renilla luciferase activities were determined as described in MATERIALS AND METHODS. Values are means Ϯ SD and represent relative luciferase activities (firefly/Renilla) expressed as a percentage of controls; n ϭ 3 independent experiments. *P Ͻ 0.05 compared with none or as indicated. D: cells were treated with 200 M NIC for 24 h followed by treatment with 10 ng/ml TGF-␤1 for 3 days, and levels of ␣-SMA and STAT3 along with actin were determined by Western blotting. E: densitometry results of blots shown in D; n ϭ 3 independent experiments. *P Ͻ 0.05 compared with none or as indicated. NϩT, NICϩTGF-␤1. F: LLC-PK1 cells were transfected with an ␣-SMA promoter luciferase reporter plasmid along with a Renilla luciferase plasmid for 24 h. Cells were treated with 200 M NIC for 24 h followed by treatment with 10 ng/ml TGF-␤1. Firefly (␣-SMA promoter) and Renilla luciferase activities were determined as described in MATERIALS AND METHODS. Values are means Ϯ SD and represent relative luciferase activities (firefly/Renilla) expressed as a percentage of controls; n ϭ 3 independent experiments. *P Ͻ 0.05 compared with none or as indicated. mentin but not E-cadherin was augmented by U-STAT3 (Fig. 6, B and C) .
DISCUSSION
STAT3 is important in embryogenesis, survival/proliferation, apoptosis, or inflammation depending on the target tissue (18) . Canonical activation of STAT3 occurs through phosphorylation of its tyrosine 705 residue, which leads to STAT3 dimerization and translocation to the nucleus (15) . However, it has lately been recognized that U-STAT3 can also drive expression of many proteins that may not be activated through the canonical pathway (7). Importantly, U-STAT3-induced gene expression is long lasting (7): U-STAT3-activated genes include several oncogenes or cytokines/inflammatory agents (30) . Moreover, the significance of STAT3 in response to injury has also become much clearer of late (8) . Earlier, we had reported that renal IR injury increases not only tyrosine phosphorylation of STAT3 but also expression of U-STAT3 (2) .
Renal fibrosis and inflammation are important steps in progression of CKD (19) . TGF-␤1, especially that derived from infiltrating macrophages and/or epithelial cells in response to ischemia (17) , induces phenotypic changes in the proximal tubules that can lead to imbalanced epithelial-mesenchymal communication and hence initiate a fibrotic and inflammatory response in the kidney (5) . It has been shown that proximal tubules with an altered phenotype can compromise structural recovery and favor development of inflammation and fibrosis following injury (28) . Smoking/chronic NIC exposure increases renal interstitial fibrosis in experimental animals (4, 16) and also enhances U-STAT3 expression in cultured oral keratinocytes (3) . Thus chronic NIC exposure may amplify epithelial signaling that increases inflammation and fibrosis. Whether chronic NIC exposure affects STAT3 activation and proinflammatory and profibrotic signaling in the ischemic kidney is unknown.
Our earlier studies have revealed that chronic exposure of mice to NIC aggravated renal IR-injury (1). Since AKI by itself is a critical risk factor for development and progression of CKD (21) , smoking/chronic NIC exposure may exacerbate AKIinduced tubulointerstitial injury and progression to chronic renal disease. Kidneys from NICϩIR mice contained significantly higher amount of TGF-␤1, MCP-1, and also expressed more ␣-SMA than their IR-only counterparts (Fig. 1) . Those kidneys are also characterized by elevated fibronectin but virtually unchanged E-cadherin levels (Fig. 1) . These results imply that chronic NIC exposure may augment profibrotic/proinflammatory signaling in the ischemic kidney, which could accelerate progression of AKI to CKD.
We confirmed our in vivo observations with in vitro studies using renal proximal tubular cells: chronic NIC treatment markedly augments TGF-␤1-induced fibronectin, vimentin, and ␣-SMA expression (Fig. 4, A and B) but not E-cadherin. NIC also augmented TGF-␤1-induced actin cytoskeleton reorganization (Fig. 3, A-C) . Importantly, ␣-SMA as well as MCP-1 induction are transcriptional events as both TGF-␤1 and NICϩTGF-␤1 increased activity of the ␣-SMA (Fig. 4C) as well as the MCP-1 promoter (Fig. 6) .
Further studies also revealed that renal levels of IR-induced U-STAT3 were significantly augmented by chronic NIC exposure alone and even more so in the ischemic kidney ( Fig. 2A) . Recent data suggest that STAT3 itself is inducible by cytokines such as IL-6 (32). We found that IR-induced IL-6 accumulation is augmented by NIC exposure in the kidney (Arany et al., unpublished observations): whether IL-6 mediates U-STAT3 induction in the ischemic kidney needs further study.
The above-described results imply that U-STAT3 may mediate TGF-␤1-dependent transcriptional events that result in reorganization of the actin cytoskeleton and ␣-SMA as well as MCP-1 transcription. Ectopic overexpression of a U-STAT3 mimetic (Y705F-STAT3 mutant) augmented actin stress fiber formation in cultured proximal tubule cells (Fig. 3D) . U-STAT3 also increased ␣-SMA expression and augmented TGF-␤1-or NICϩTGF-␤1-induced ␣-SMA expression (Fig.  5, A, B, D , and E) through activation of its promoter (Fig. 5, C  and F) . Similarly, U-STAT3 enhanced promoter activity of MCP-1 (Fig. 6 ) and possibly also vimentin and fibronectin (Fig. 6, B and C) . Hence, these data revealed a novel regulatory mechanism by which chronic NIC exposure, through noncanonical U-STAT3 signaling, regulates actin cytoskeleton integrity as well as TGF-␤1-induced transcription of genes that participate in fibrosis and inflammation. Within this scenario, chronic NIC exposure may ensure a sustained activation of ␣-SMA, fibronectin, and vimentin as well as MCP-1, which can accelerate renal fibrosis and progression to CKD. Whether this process is an epithelial-mesenchymal transition (EMT) or other event needs further clarification. Recently, the existence of EMT in vivo has been seriously challenged (10, 14) . The idea that renal proximal tubule cells can become producers of collagens, however, is highly plausible (10) . Although the mechanism is unclear, proximal tubule cells with both epithelial and mesenchymal phenotypes may impair recovery from injury and promote development of interstitial fibrosis/inflammation through a complex network of cytokine/growth factor release and consequent signaling (28) .
It is suggested that U-STAT3 forms a complex with unphosphorylated NF-B and binds to the promoter of a set of genes that possesses a functional B element (7) . In addition, U-STAT3 can bind CEBP or c-jun to activate transcription in promoters that do not have a B element (reviewed in Ref. 7) . To determine the mechanism by which U-STAT3 activates transcription of ␣-SMA and MCP-1 needs further investigation.
In summary, chronic NIC exposure further upregulates IRinduced U-STAT3. The result is a novel and sustained activation of transcription of a set of genes that leads to actin cytoskeleton reorganization with consequent fibrosis and inflammation that may accelerate the progression of AKI to CKD.
